INTRODUCTION

14
Muscle fatigue, which is an exercise-induced reduction in maximal voluntary 15 muscle force [1] , frequently occurs in our daily life. It can be categorized into: 1) 16 central fatigue, defined as a decline of alertness, mental concentration, motivation, 17 and other psychological factors, and 2) peripheral fatigue defined as the changes in 18 physiological processes [1] . Many methods have been developed to evaluate muscle 19 fatigue, including oxygen uptake [2], heart rate [3], pH value of the muscle interstitial 20 fluid [4] , muscle generated force [5] , muscle stiffness [6] , surface electromyography 21 (SEMG) [7] [8], and invasive needle EMG [9], etc. 22 As muscle fatigue is an ongoing process during muscle activities rather than a 23 failure at a time point, it is important to monitor the temporal changes of the 1 physiological variables as the fatigue develops [8] . The SEMG signal, which contains 2 the features of the neuromuscular activation associated with the muscle contraction, 3 has been considered as an objective tool to evaluate muscle fatigue non-invasively. 4 The root-mean-square (RMS) and median frequency (MDF) of SEMG are frequently 5 used for the estimation of muscle fatigue. However, they are also sensitive to other 6 factors which may change during the muscle contraction [10] . Alternative signals with 7 the potential to tackle these challenges to SEMG are in demand and are being which detects the sound or vibration generated by muscles during contraction, and 10 near-infrared spectroscopy [13] have been used for the assessment of muscle fatigue.
11
Since early 1990's, sonography has been used to measure the changes in muscle 12 thickness [15] [16], muscle fiber pennation angle [17] - [20] , muscle fascicle length 13 [15] [17] - [20] , and muscle cross-sectional area [17] reported. 22 The aim of this study was to investigate the feasibility of using the muscle 23 thickness change continuously extracted from the ultrasound images, named as 1 sonomyography (SMG) [16] , to characterize the muscle fatigue. The ultrasound and 2 SEMG signals were collected simultaneously from the biceps brachii of 8 normal 3 young male adult subjects under an isometric contraction. The SEMG parameters 4 and the muscle deformation were calculated. The features of the muscle deformation 5 signal during muscle fatigue were described and its potential contributions to the 6 muscle fatigue evaluation were discussed. 
SUBJECTS AND METHODS
9
Eight healthy male subjects participated in this study (age: 27 ± 3 years; height: 10 169 ± 3 cm; weight: 65 ± 5 kg). None of them had history of neuromuscular 11 disorders and each gave written informed consent prior to the experiment.
12
The subject was seated comfortably on the adjustable chair of a Cybex machine When the experiment began, the subject was asked to perform an elbow flexion The ultrasound system used in this study was the same as that in a previous study contributed by the behaviors related to the muscle fatigue. Ultrasound gel was used to 13 fill the gap between the probe and the skin to maintain a good coupling during the test. The data acquisition was controlled by a custom-developed program for the 5 ultrasonic measurement of motion and elasticity (UMME) using Visual C++ 6.0 6 (Microsoft, Washington, USA) [16] . Multithread technology was applied in UMME 7 software to insure the synchronization among the ultrasound image, torque, and 8 SEMG. The ultrasound images were sampled frame by frame, each accompanied by 9 an SEMG epoch of 125 ms and a torque value.
10
All the ultrasound, SEMG and torque signals were processed off-line using the 11 UMME program and another program written in MATLAB (Version 6.5, MathWorks,
12
Inc., Massachusetts, USA). The ultrasound images were imported to the UMME then be located according to the peak value of the correlation coefficients. In this 7 study, the search range was set to be -10 to 10 pixels in the horizontal direction (i) and The distance between the centers of the two image blocks was calculated for each 17 frame, which was defined as the muscle thickness at each moment. The percentage 18 deformation of the muscle was defined as: 
RESULTS
6
Figures 3a and 3b show the typical results of SEMG RMS and MDF for a trial on 7 one subject. In Fig. 3a , the y-axis was normalized by the first RMS value for each trial. The muscle thickness increased obviously during the contraction, but in a complex 19 nonlinear manner. Figure 5 shows the muscle deformations of all the 8 subjects at 20 s 20 after the contraction. The overall mean deformation was 3.5 ± 1.6% at that moment.
21
During the first several seconds after the contraction, the muscle thickness increased 22 rapidly with a mean change rate of 0.30 ± 0.19 %/s for the 8 subjects (Fig. 6a) . We defined this rate as the initial muscle deformation rate. It lasted for 8.1 ± 2.1 s (Fig.   1 6c), and then the muscle thickness increased gradually with a smaller change rate of 2 0.067 ± 0.024 %/s (Fig. 6b) till the moment of the torque fluctuation, which 3 indicated that the subject could not maintain the assigned torque any more. We 4 defined this lower rate as the steady muscle deformation rate. The transition time 5 between the initial and steady muscle deformation rates was named as the critical time, The correlations between the muscle deformation and SMEG parameters were 14 also investigated. different types of signals generated during the muscle fatigue. 13 We could not observe any indication of the torque fluctuation or the transition 14 phenomenon in the SEMG parameters (Fig. 3) The subject number (n=8) is relatively small and only a specific group of subjects 5 (normal young male adults) were tested in this study. Since ultrasound imaging can If a significant rotation happened for the tracking references, the correlation 7 coefficients would be reduced.
8
In conclusion, we demonstrated the feasibility of using the muscle deformation 9 signal extracted from real-time ultrasound images to characterize the muscle fatigue. 
